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OPTICAL ATTENUATOR 
TECHNICAL FIELD 



The present invention relates to an optical attenuator and more specifically to an optical 
attenuator used for attenuating optical signals in the fields of optical communications, optical 
measurements, CATV systems and the like. 



BACKGROUND OF THE INVENTION 



Optical attenuators comprising an optical fiber containing an optical attenuating dopant 
have been widely known. However, the dopant contained in these generally known optical 
attenuators has a transmitted light attenuating characteristic where the attenuation varies 
depending on the wavelength of the optical signal, i.e., it has a wavelength dependency. There is 
also known an optical attenuator in which the wavelength dependency is reduced by adjusting the 
mode field diameter of the optical fiber and by limiting the dopant area with respect to the mode 
field diameter in order to obtain almost equal attenuation of input optical signals of different 
wavelengths, e.g., 1.3 /xm (short wavelength) and 1.5 /im (long wavelength) (Japanese Laid- 
Open ("Kokai") Nos. Hei. 8-136736 and Hei. 8-136737). 

Recent diversification of optical communications, has created a demand for an optical 
attenuator having equal optical attenuation (eliminating the wavelength dependency) even in a 
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narrow wavelength range of 1300 mm ± 50 nm or 1550 ± 50 nm, for example or an optical 
attenuator whose wavelength dependency in optical attenuation is increased for optical signals of, 
for example, two different wavelengths of 1.3 /xm (short wavelength) and 1.5 /xm (long 
wavelength). 

However, although the optical attenuators disclosed in Japanese Laid-Open ("Kokai") 
Nos. Hei. 8-136736 and Hei. 8-136737 are effective because they give almost equal attenuation 
of optical signals of two different wavelengths of 1.3 /xm (short wavelength) and 1.5 /xm (long 
wavelength), they have the problem that they are unable to provide equal optical attenuation 
(wavelength dependency is large) merely by limiting the dopant area or by adjusting the mode 
field diameter when the difference of the wavelengths is small. 

When the optical signals of two different wavelengths of (short and long) wavelengths are 
input, it is theoretically possible to increase the wavelength dependency of the optical attenuation 
by using a dopant which gives greater attenuation of the short wavelength optical signals, with 
high concentration close to the axial core when the mode field is seen as a transverse section of 
the optical fiber or by using a dopant which gives greater attenuation of longwave optical signals 
with higher concentration close to the outer periphery of the optical fiber when the mode field is 
seen as a transverse section of the optical fiber (Japanese Laid-Open ("Kokai") No. Hei. 8- 
136736). 
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It is also theoretically possible to realize the equality (Japanese Laid-Open ("Kokai") No. 
Hei. 8-136737) by reversing the combination of the wavelength characteristics of the mode field 
diameter and the wavelength characteristics of the dopant. 

However, although the difference between the short wavelength and the long wavelength 
attenuation is increased by raising the dopant concentration and by limiting the doping area to a 
narrow range with respect to the mode field diameter, there has been a difficult problem that, 
because the doping concentration of the dopant which can be contained in the optical fiber is 
limited, it is not possible to create an optical fiber product having characteristics which are stable 
when the concentration is too high and it is not technologically possible to create optical fiber 
products whose doping area is very narrow. 



SUMMARY OF THE INVENTION 



The present invention has been devised in view of the above-described problems and has 
as its object, firstly, to provide an optical attenuator which can equalize optical attenuation of 
optical signals having different wavelengths which are very close and, secondly, to provide an 
optical attenuator which can maximize the difference of optical attenuation of the optical signals 
having different wavelengths in an optical fiber with stable characteristics and wherein the 
dopant concentration and doping area range may be realized with a relatively low dopant 
concentration. 
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In order to achieve the above-mentioned objects, the present invention provides a single 
mode optical fiber, as an inventive optical attenuator, having a core with a refractive index of a 
center portion greater than that of a peripheral portion. 

The wavelength dependency of the attenuation of transmitted light caused by the size of 
the mode field diameter is increased by adopting, as a distribution of the refractive index of the 
core, a distribution gradient selected from the group consisting of a gradient wherein the 
refractive index rises continuously from the peripheral portion to the center portion ("graded- 
index type"), a parabolic shaped gradient, a triangular wave shaped gradient, a square wave 
shaped gradient and a trapezoidal wave shaped gradient. 

By constructing the optical attenuator as described above, it is possible to widen the 
limited width of the dopant area for obtaining the required attenuating characteristics as much as 
possible and to minimize the dopant concentration. 

In one embodiment the optical attenuator contains dopant which provides greater 
attenuation of longer wave length transmitted light in a signal mode optical fiber and is 
constructed so that the dopant area is limited to the center part of the core and so that the 
refractive index at the center part of the core is greater than that of the peripheral part of the core. 
The wavelength dependency of the attenuation of transmitted light caused by the size of the mode 
field diameter is increased by adopting, as the distribution of refractive index of the dopant area, 
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a gradient selected from the group consisting of a gradient wherein the refractive index rises 
continuously from the peripheral portion to the center portion ("graded-index type"), a parabolic 
shaped gradient, a triangular wave shaped gradient, a square wave shaped gradient and a 
trapezoidal wave shaped gradient. By constructing the optical attenuator in this manner, it is 
possible to obtain equal attenuation of two input optical signals having different wavelengths 
which are short and whose difference is small (1300 nm ± 50 nm). 

In another embodiment the optical attenuator is a signal mode optical fiber containing 
dopant which provides greater attenuation of shorter wavelength transmitted light and 
constructed so that the dopant area is limited to the peripheral part of the core and so that the 
refractive index at the center part of the core containing no dopant is greater than that of the 
peripheral part of the core. In this embodiment also, the wavelength dependency of the 
attenuation of transmitted light caused by the size of the mode field diameter is increased by 
adopting a refractive index gradient selected from the group consisting of a gradient wherein the 
refractive index rises continuously from the peripheral portion to the center portion, a parabolic 
shaped gradient, a triangular wave shaped gradient, a square wave shaped gradient and a 
trapezoidal wave shaped gradient, as the refractive index profile at the center part of the core 
where no dopant is contained. By constructing the optical attenuator in this manner, it is possible 
to obtain equal attenuation of two kinds of input optical signals having different long 
wavelengths whose difference is small (1550 nm ± 50 nm). 
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In still another embodiment an optical attenuator is a signal mode optical fiber containing 
a dopant which preferentially attenuates shorter wavelength transmitted light and is constructed 
so that the dopant area is limited to the center part of the core and so that the refractive index at 
the center part of the core containing dopant is greater than that of the peripheral part of the core. 
In this case, the wavelength dependency of the attenuation of transmitted light caused by the size 
of the mode field diameter is increased by adopting a refractive index profile selected from the 
group consisting of a gradient wherein the refractive index rises continuously from the peripheral 
portion to the center portion, a parabolic shaped gradient, a triangular wave shaped gradient, a 
square wave shaped gradient and a trapezoidal wave shaped gradient. By constructing the optical 
attenuator in the above manner, it is possible to obtain optical signals of two different 
wavelengths whose difference in attenuation of transmitted light caused by the difference of the 
wavelengths is maximized. 

Another embodiment provides an optical attenuator in the form of a signal mode optical 
fiber containing dopant which gives greater attenuation of longer wavelength transmitted light 
and constructed so that the dopant area is limited to the peripheral part of the core. A gradient 
wherein the refractive index rises continuously from the peripheral portion to the center portion 
("graded-index type") is adopted as the refractive index profile of the dopant area to increase the 
wavelength dependency of attenuation of transmitted light caused by the size of the mode field 
diameter. 
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In yet another embodiment an optical attenuator is constructed as a single mode optical 
fiber having a refractive index at the center part of the core greater than that of the peripheral 
part of the core due to incorporation of a dopant whose transmitted light attenuating 
characteristics depend on the wavelength of optical signal input to the optical fiber. The dopant 
concentration of the dopant area of the single mode optical fiber is distributed non-uniformly to 
provide a mode field which substantially contributes to the transmission of optical signals in the 
radial direction, i.e., transverse of the optical fiber. In this case, the wavelength dependency of 
the attenuation of transmitted light caused by the size of the mode field diameter is increased by 
adopting, as the distribution of refractive index of the dopant area, a gradient selected from the 
group consisting of a gradient wherein the refractive index rises continuously from the peripheral 
portion to the center portion, a parabolic shaped gradient, a triangular wave shaped gradient, a 
square wave shaped gradient and a trapezoidal wave shaped gradient. By constructing the optical 
attenuator in this manner, it is possible to obtain the required attenuating characteristics even 
when the dopant area is small and the dopant concentration is low. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows the structure of one embodiment of an optical attenuator according to the 
present invention, wherein the upper part of the figure shows an end face of the optical attenuator 
and the lower part shows a refractive index profile thereof. 
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FIG. 2 shows the optical attenuator of the present invention disposed at the center of a 

ferrule. 

FIGs. 3a and 3b are graphs showing the relationship between wavelength and loss using 
various dopants. 

FIG. 4 is a graph showing the optical signal power distribution within the optical 
attenuator of the present invention. 

FIG. 5 is a graph showing the relationship between the ratio of difference of refractive 
index a1/a2, where a1 is the difference between the maximum refractive index of an axial center 
portion of the core and the refractive index in the cladding of the optical attenuator and a2 is the 
difference between the maximum refractive index in the outer peripheral portion of the core and 
the refractive index of the cladding, and the difference of loss at 1.50 /xm and 1.60 fim. 

FIG. 6 is a graph showing the attenuation with respect to wavelength when cobalt (Co) is 
doped in the center portion of the core of the optical attenuator. 

FIG. 7 shows the structure of another embodiment of the optical attenuator of the present 
invention, wherein the upper part of the figure shows an end face of the optical attenuator and the 
lower part shows the refractive index profile. 

FIG. 8 is a graph showing the attenuation with respect to wavelength when samarium Sm 
is doped in the whole core and samarium Sm is doped only in an axial portion of the core. 

FIG. 9 is a graph showing the attenuation with respect to wavelength when cobalt (Co) is 
doped in the whole core and cobalt (Co) is doped only in the outer peripheral of the core. 
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BRIEF DESCRIPTION OF REFERENCE NUMERALS 

5, 5' Single Mode Optical Fiber 

6, 6' Core 

6a, 6a' Center Portion of Core 

(Portion close to the core axis) 
6b, 6b' Outer Periphery portion of Core 

(Portion close to the outer periphery of core) 
7,7' Dopant Area 
9, 9' Mode Field 

DESCRIPTION OFTHE PREFERRED EMBODIMENTS 

Preferred embodiments of an inventive optical attenuator will be explained below with 
reference to the drawings. 

Fig. 1 is a section view showing the structure of an optical fiber 5 which is used by 
disposition at the center of a ferrule 2 as shown in Fig. 2, for example. That is, in use it receives 
an optical signal at one end thereof and it outputs the signal from the other end after attenuating 
the optical signal by a certain degree. To this end a dopant for attenuating the optical signal is 
incorporated into the optical fiber 5. 
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In this embodiment, a graded-index type (its refractive index increases continuously from 
the outer peripheral part to the center part) is adopted as a refractive index profile at the center 
portion 6a close to the axis of the core 6 and a high concentration of dopant is contained within 
this area 7. The dopant area 7 is hatched in the figure. 

Because a core diameter 2a 2 is very small in the single mode fiber, energy of the optical 
signal propagates centering on the core 6 while actually overflowing to a portion of the cladding 
8 at the outer periphery of the core 6. The range in which the larger portion of the energy is 
contained is a mode field 9 portion which contributes substantially to the transmission of the 
optical signals and may be found qualitatively by using Equation 1, as explained later for both the 
step-index type fiber and the graded-index type fiber. In the optical fiber 5 shown in Fig. 1, the 
diameter of the mode field 9 is denoted as 2o„ the diameter of the dopant area 7 as 2a! and the 
diameter of the core 6 as 2a 2 . The difference between the maximum refractive index around the 
axial portion of the core 6 and the refractive index of the cladding is denoted as a2 and the 
difference between the maximum refractive index of the outer peripheral portion 6b of the core 6 
and the refractive index of the cladding 8 as a1. 

Use of dopants in the optical fiber 5 to attenuate the optical signals will now be 
explained. FIGs. 3a and 3b are graphs showing the relationship between wavelength and loss for 
various dopants. The horizontal axis of the graph represents the wavelength in nanometers (nm) 
and the vertical axis represents the optical attenuation in (dB/km). A transition metal or rare- 
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earth metal dopant is normally used for optical fibers used in communications. They may be used 
singly or in combinations of two or more. In Fig. 3a, (1) denotes the characteristics of 
manganese (Mn), (2) nickel (Ni), (3) chrome (Cr), (4) vanadium V, (5) cobalt (Co), (6) iron (Fe), 
and (7) copper (Cu). In Fig. 3b, (8) represents the characteristics of samarium (Sm) and (9) 
thulium (Tm). 

The first embodiment of the optical attenuator of the present invention uses a dopant 
which attenuates more transmitted light when the wavelength of the optical signal is longer. 
When the wavelength to be used in this optical attenuator is around 1.5 pm to 1.6 pm for 
example, as can be seen from Fig. 3a, cobalt (Co) is suitable as the dopant. 

Fig. 4 shows the optical signal power distribution when cobalt (Co) is used as the dopant 
and the dopant is contained in the area as shown in Fig. 1. The vertical axis of Fig. 4 represents 
the output power and the horizontal axis represents the position in the fiber in the radial 
direction. Kl in Fig. 4 is power distribution in the radial direction when an optical signal a 
wavelength of 1.5 /xm is transmitted through the optical fiber. A curve K2 represents the power 
distribution of an optical signal of 1.6 /xm. 
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Table 1 shows the difference of mode field diameter (hereinafter referred to as "MFD") 
corresponding to the respective wavelengths XI and XI in each fiber when the respective 
wavelengths XI = 1.50 n m and X2 = 1.60 /xm are inputted to the fiber having the structure of the 
first embodiment as shown in Fig. 4 and to the normal step index type fiber. 



Table 1 





Difference 0*m) of mode field diameter of 1.50 fim 
and L60 /xm 


First Embodiment 


0.52 


Step index 


0.25 



This shows that the difference of MFD of the fiber caused by the difference of 
wavelengths is large (wavelength dependency is large). 

When cobalt (Co) is concentrated in the axial portion of the core, the longer the 
wavelength of a signal, the less the portion of the whole signal energy influenced by the 
attenuation becomes. This means that the wavelength dependency of the optical attenuation of 
the dopant is cancelled. As a result, the optical signals of short and long wavelengths, whose 
difference of wavelength is small, attenuate to the same degree in this attenuator as a whole. 
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In the case of the conventional step index type fiber, the concentration of dopant is high 
and causes a serious production problem when designed so as to show the same degree of 
attenuation as the first embodiment described above, because the dopant area of cobalt (Co) must 
be narrowed because the wavelength dependency of the optical attenuation of the MFD is small. 



A concrete example using Equations 1 and 2 is given below. Equation 1 is used for 
calculation of attenuation a of the optical fiber and Equation 2 is used for calculation of the mode 
field diameter (o. 



Expression 1 



Attenuation a 


a = I a Co A(r)P(r)rdr ... Equation 1 






\ P(r)rdr 






a: attenuation per 1 cm 

r: coordinate of fiber in radial direction 

A(r): concentration of Co in radial direction 

aCo: coefficient of absorbency of Co 

X = 1.50 nm - 5.19 x 10' 3 dB/cm ppm 1 
X = 1.60 |im - 5.95 x 10" 3 dB/cm ppm" 1 

P(r): optical power distribution in radial direction 


Mode Field 
Diameter co 


2co = 2 


2 J P 2 (r)r 3 dr 

\P 2 (r)rdr 


1/2 

... Equation 2 




P(r): optical power distribution in radial direction 
r: coordinate of fiber in radial direction 
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As shown in Equation (1), the attenuation a of the optical signal in the optical fiber may 
be found from the power distribution P(r) of the optical signal in the radial direction and the 
distribution of concentration of cobalt, i.e., the dopant. The mode field diameter <*> may be found 
from Equation (2). 

The ratio (al/a2) of the area in which the graded-index type is adopted as the profile 
containing cobalt (Co) to the core diameter approaches the step index type when it is too large or 
too small and the wavelength dependency of the mode field diameter to approaches the step index 
type. When the ratio (al/a2) is small, although the wavelength dependency of the attenuation a 
becomes small because the dopant area of cobalt (Co) becomes small, even when the wavelength 
dependency of the mode field diameter co is small, there have been problems such as an increase 
of the amount of cobalt dopant and an increase of processing steps. Here, the result of using al/a2 
- 0.5 is shown. 

Fig. 5 is a graph representing the ratio of difference of refractive index tAI l2 (horizontal 
axis) and the difference of loss (attenuation) at 1.50 \im and 1.60 \im when the attenuation at 
1.55 urn is 10 dB (vertical axis). It can be seen from Fig. 5 that the greater the ratio a1/ a2, the 
wider the difference of the attenuation at 1.50 \im and 1.60 urn becomes. The wavelength 
dependency of attenuation of the dopant maybe canceled by this value. 
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Table 2 shows the structural characteristics of the fiber with a1/ a2 = 0.75, whose 
wavelength dependency is small, as shown in Fig. 5. a1/ a2 is not 0.35 because it represents a 
practical fiber structure in which bending loss and others are taken into account. . 

Fig. 6 is a graph showing the attenuation with respect to the wavelength of the fiber in 
Table 2. The wavelength dependency is lessened by cobalt dopant in the center portion of the 
core of the optical attenuator and by adopting the graded-index type as the profile. 



Table 2 





Core 


al/a2 


a1/a2 


MFD 


MFD 




Diameter 






(1.50 urn) 


(1.60 \im) 


Embodiment 


7.4 |im 


0.5 


0.5 


9.15 


9.67 


Step-Index 


9.5 urn 


0.5 


0.5 


9.26 


9.51 



This sample has been set so that the whole distribution of concentration of cobalt 
becomes fixed within the range in which cobalt (Co) is contained. The attenuation of the optical 
fiber has been set to 10 dB/m. As a result, a1/ a2= 0.35 and the wavelength dependency was 
eliminated when al/a2 = 0.5. A wavelength independent optical attenuator may be obtained by 
increasing a1/ a2 when al/a2 becomes large and by decreasing a1/ a2 when al/a2 becomes small. 
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The dopant which attenuates transmitted light more when the wavelength of the optical 
signal is longer is used in the center portion 6a of the core 6 of the optical fiber 5 in the first 
embodiment described above. In the alternative, dopant which attenuates transmitted light more 
when the wavelength of the optical signal is shorter may be used by changing the area where the 
dopant is doped. For instance, vanadium (V) of (4) and the like are shown in the example of Fig. 
3a. 

Fig. 7 shows a second embodiment of the inventive optical attenuator using a dopant 
which attenuates transmitted light more when the wavelength of the optical signal is shorter. In 
the second embodiment, a dopant-containing area T is created which preferentially attenuates 
shorter wavelength transmitted light more in a peripheral portion 6b of core 6' in which the 
refractive index profile is set as the graded-index type. In this case, the longer the wavelength of 
the optical signal whose power distribution extends in the radial direction of the optical fiber 5', 
the more it is influenced by the dopant. 

Thus, the optical attenuation of the optical signal of wavelength within a certain range 
may be almost equalized by increasing the wavelength dependency of the mode fields 9 and 9', 
which substantially contribute to the transmission of optical signal of the single mode optical 
fiber, by controlling the refractive index profile, by selection of the distribution of concentration 
of dopant within the transverse section of the cores 6 and 6* of the optical fibers 5 and 5' and by 
using a dopant whose transmitted light attenuating characteristics depend on the wavelength of 
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the optical signal. It is noted that although the dopant is doped only to the axial portion 6a of the 
core 6 or in the peripheral portion 6b of the core 6 in the embodiments described above, it is 
possible to appropriately distribute concentration. Also, it is not necessary to obtain uniform 
characteristics for all wavelengths of optical signals and it is possible to set a concentration range 
so that a certain attenuation may be obtained for optical signals of several ranges. 

The first and second embodiments provide almost the same attenuation to one having the 
small difference of wavelengths of optical signals of two different kinds of wavelengths to be 
inputted. 

In a third embodiment of the optical attenuator of the present invention, the refractive 
index profile around the axial portion of the core of the single mode fiber is the same as that of 
the first and second embodiments described above. However, the third embodiment is different 
in that the wavelength dependency of the MFD. is increased by use of a dopant which attenuates 
transmitted light when the wavelength is short, e.g., samarium (Sm) shown by (8) in Fig. 3b, in 
the axial portion of the core and by adjusting the ratio between the diameter of the axially central 
portion of the core where the refractive index is set as the graded-index type and the core 
diameter. 
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Fig. 8 is a graph showing the attenuation with respect to wavelength when samarium 
(Sm) is doped in the whole core and when samarium (Sm) is doped only in the axially central 
portion of the core. It can be seen from the graph that the attenuation is greater when samarium is 
doped only in the axial portion of the core, i.e., between 1530 nm to 1550 nm. 

The shorter the wavelength, the greater the optical signal is attenuated when two kinds of 
optical signals having different wavelengths are inputted. Further, a greater attenuation may be 
obtained without reducing the center core diameter more than required 
and without increasing the dopant concentration. 

Accordingly, this third embodiment is very effective in increasing the difference of 
attenuation of those two kinds of optical signals having different wavelengths. 

In a fourth embodiment of the invention the refractive index profile around the axial core 
of the core of the single mode fiber is the same as those of the first and second embodiments 
described above. However, this forth embodiment is different in that the wavelength dependency 
of the MFD is increased by use of a dopant which attenuates transmitted light more when its 
wavelength is longer, e.g., cobalt (Co), in the portion of the core surrounding the axial center 
portion where the refractive index profile is set as the graded-index type and by adjusting the 
ratio of the diameter of the portion having a refractive index of the graded-index type (axial 
center portion) and the core diameter. 
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Fig. 9 is a graph showing the attenuation relative to wavelength when cobalt (Co) is 
doped throughout the whole core and when cobalt (Co) is doped only in an outer peripheral 
portion of the core. It can be seen from the figure that the attenuation wherein Co is doped only 
in the outer peripheral portion of the core is greater between 1560 nm to 1570 nm. 

The longer the wavelength, the greater the optical signal is attenuated when two kinds of 
optical signals having different wavelengths are input. Further, a greater attenuation may be 
obtained without increasing the dopant concentration more than required. 

Accordingly, this fourth embodiment is very effective in increasing the difference in 
attenuation of the two kinds of optical signals having different wavelengths. 

As it is apparent from the above description, according to the present invention, it is 
possible to fix the optical attenuation for optical signals having different wavelengths which are 
very close with a practical doping range in which the dopant concentration is relatively low. 

Further, according to the present invention, it is possible to increase the difference in 
optical attenuation as much as possible with a practical dopant concentration and a doping area 
range in which each characteristic of the optical fiber is stabilized for optical signals having 
different wavelengths. 
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In particular, it is possible to equalize the attenuation of different wavelengths by 

increasing the wavelength dependency of the MFD by adjusting the ratio of the axially inner core 

diameter to the core diameter by increasing the refractive index around the axially inner core 

portion relative to the peripheral portion of the core and by use of a dopant which attenuates 

signals having longer wavelength, for example, with a higher concentration within the inner core 

portion in which the refractive index is increased relative to the peripheral portion of the core to 

cancel the attenuation wavelength dependency of the dopant. 

Further, the present invention provides an effective means of equalizing the attenuation of 
optical signals having a small difference in wavelength by use of a dopant which preferentially 
attenuates short wavelengths, at a higher concentration within the core portion (axially center 
portion) in which the refractive index is increased relative to the peripheral portion of the core. 

Further, it is possible to increase the difference in attenuation due to the difference of 
wavelengths by increasing the wavelength dependency of the MFD by adjusting the ratio of the 
diameter of the axially inner portion of the core wherein the refractive index is increased relative 
to the peripheral portion of the core and the core diameter, by using a dopant which preferentially 
attenuates shorter wavelengths with a higher concentration within the axial central portion of the 
core wherein the refractive index is increased relative to the peripheral portion of the core and by 
increasing the wavelength dependency of attenuation of the dopant member. 



20 



* 



Substitute Specification & Abstract 
U.S.S.N. 09/868,766 

Moreover, the present invention provides a very effective means for realizing an increase 
of attenuation of optical signals with different wavelengths, with minimal reduction of the MFD 
and minimal increase in the dopant concentration, by use of a dopant which preferentially 
attenuates longer wavelength optical signals, doped within the core wherein the refractive index 
is increased relative to the peripheral part of the core. 
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ABSTRACT 

An optical attenuator which provides almost the same degree of attenuation even when 
the difference in wavelength of two different kinds of input optical signals is small. Another 
optical attenuator is provided with a dopant concentration in a technically realizable range which 
increases the difference in optical attenuation of two different kinds of input optical signals. 
Almost the same degree of attenuation may be obtained even when the difference between 
wavelengths is small by canceling the wavelength dependency of attenuation of the dopant by 
raising the refractive index of an axially central portion of the core as compared to that of the 
peripheral portion of the core and by taking into account the type and area of the dopant and the 
ratio of the difference a2 between the refractive indexes of the cladding and the axial portion of 
the core and the difference a1 between the refractive index of the cladding and the refractive 
index of the peripheral portion, i.e., a1/a2. On the other hand, the difference of attenuation is 
increased while suppressing the concentration of dopant to the realizable range. 




DESCRIPTION 



OPTICAL ATTENUATOR 



RECEIVED 
f'CV 1 9 2c:i 

TC 2600 HAIL aOOM 



... TECHNICAL FIELD 
The present invention relates to an optical attenuator and 
more specifically to an optical attenuator used for attenuating 
optical signals^, a certain ■ degree^in the fields of optical 
communications, optical measurements, CATV systenTand the like. 

BACKGROUND OF THE INVENTION 
^itherto^a^ptical attenuator*compris±ng an optical fiber 
containing^Tcertaj^optical attenuating dopant^memberta|been 
. widely known Tin general. // L, 

^/ However, £ecause/ the dopant ^memberj contained in^is^ 
optical attenuator^ has transmitted light attenuating 

characteriaticjlhagthe attenuance varies depending on the 



wavelength ^of optical ^signal, i.e., it has a wavelength 
dependency,^here^as been>nown an optical attenuator ?which/hasj 
^essenedjthe wavelength dependency^robt^inin^almost-the equal 



/attenuancjby adWingfaJmode field diameter o'fj^oVtical f ibeT 
and by iimiting/aj dopant area with respect to the mode field 
diameter in order to obtain almost^hej equal attenuance^7 o£ 
inpujan^/optical signals of^wo^ different waveleng^Sfsf] 1 . 3 
pm (short wavelength) and 1.5 urn (long wavelength)^ instanc^ 



r 7 

(Japanese TPatent J Laid-Open y Nos. Hei. 8-136736 and Hei. 8- 
136737). 

/With theffiecent diversification of optical communications, „ 

£ ltj has^come to be required to rea lize/ an optical attenuatorlf or/ 

^obtaining thej equal optical attenuance (eliminating the 

wavelength dependency) even in a narrow wavelength range of 1300 

mm ± 50 nm or 1550 ± 50 nnyf or Jfnst anchor an optical attenuator 

whose wavelength dependency^Jof ther7 optical attenuate is 

increased/even more in contrary wheny optical signals of^two ' 

different wavelengths of 1.3 urn (short wavelength) and 1 . 5 urn 

(long wavelength) /ar e inp ut te^ . 

However, although the optical attenuators disclosed in 

Japanese/gaten^Laid-OpenVNos. "Hei. 8-136736 and Hei. .8-136737 ~ 

are effective because they^^lo^almost^thejequal attenuapce"Toj 

jTJejabtained when^optical signals of two different wavelengths 

of 1.3 urn (short wavelength) .and 1.5 pro (long wavelength)JwhoseJ 

Twavelengths are separated are inputted], they /have/had a) problem 

> -ifey a^tf prvv'de ' — <- W 

that Jit r i-sj unable to ^obtain the^equal optical attenuaiUe- 

( wavelength dependency is large )^usj|by limiting the dopant area 

or by adjusting the mode field diameter when the difference of 

the wavelengths is/small. 

^"Meanwhile*^ Jtyftien the optical signals of two different 

wavelengths of^thej^hort and long) wavelengths are inputted?, it 

is theoretically possible to ^realize the^ increase ^fj the 

wavelength dependency of the pptical attenuaft&^even mor^ by 



^aftin^ dopant wnichV a t t en ua teW P tical signal _ ore 
/high concentrate pa ^J close tQ the ^ ^ ^ ^ ^ 

fro^ concentration^ a part^ tQ ^ ^ ^"^J 
ter when the m ode fieid.is seen^o^ ransverse section Qf th> 
^Ptical^^er^ ^ fflrf^. 

^Faten^Laid-Open^No. Hel. 8-13673^. '- , > 

(-Panese^ate^aid^^ 8 . 136737 ) by ^.J^ J 
cognation of the wavelength characteristic"; of the „ode field 

dialer and the wavelength characteristics of the dopant 

/ member. 

However, although the difference between the shprt 
wavelength and t h e lo„ 9 w.^tl^^^^"*/^ 
dopant concentration and by li m i tlng the dopl t „ a 

range with respect to the -pd. field di ame ter, there has been 
a difficult proble, that,beca U se the doping concentration of the 
dopant^erf ^ b & ^ fiber 

a« staMe^ootical fib^wJn t* e eventration is too nigh 

and it is/Tnable toltechnoloni^i To 

£L ^^^^allyVcreate^ne^whose doping area 

is very narrow. / ) . 



SUMMARY ' or -f&£ £M£MTi0fJ 

Th fi n L e fi on has been devised in vi - of |&*dim^ 

problemWits objec^f irstlyf o provide an optical attenuator 
, which can equalize optical attenuance of optical signals having 
different wavelengths which are very close and,|sj secondly to 
$ provide an optical attenuator which can maximize the difference 
of optical attenuance of the optical signals having different 

wavelengths in V EEhe-«4^H^^ ^ u - ' -r? 

r*~«=-<rttx^--^^ charapteiri^ri:^^ 



.optical fiber^stable^an^th^dopant concentration and doprn^ 
.area range/are realistic by arraying the optical attenuator? 
'* £° Se d ° Pln9 " ^g-nay be re alized^hj^e suppressing the) dopant 
concentrations/relatively l""*^ 

^DISCLOSURE OF THE INVENTIO^ ^ fr^f ^TTm fm*Ji. 
in order to achieve the above- m entioned objects/ aT^'j^^t 
mventxve optical^attenua^orvg constructed so that 



^ refract 



ive 




_ V^" 11UaUU ^^ constructed so that t"He7 
inde,/ t^centtrffeftc^of a single ^ 

^" C ^"L er ±S lnCreaSed as compared tojthat of^peripneral 
^pSrt "of the core?. 

./Inthis casejj^Te wavelength dependency of the attenuate 
^f^t^^ by the size of the mode field diameter 



is increa 




■^^^^^a oy the size of the mode field diameter • 
ra=lWe>Tt^-fthe refractive i^^rise^cmt^nuouslyj"^ * 



1,5^. p.rlgh^.rg to tiy oea^^, fparabolic-shapad yMT 
* ''iSfflB^ ™ ghW^ Sa've shap^a^ Le^, ^ wav / J 



ahap^i^ distribution o#r%fractive index of thelor^, 




By constructing the optical attenuator as described above, 

it is possible to widen the limited width of the dopant area for 

obtaining the required attenuating characteristics as much as 

possible and to '/suppress? ^"concentration JTow utmost. 
> jjfy\ J>r?m eMi^eJiTT^c *■ — — >f 

f gn inventive^ optical attenuator contains dopant which prvfiikJ 

■*zUr- ^ttenuatt^ransmTEteaTiSH^re when its wavelength is longer/ 

.in a signal, mode optical fiber and is constructed so that the 

dopant area is limited -to the center part of the core and so that 

' the 4?f^ CtiVe indeX 3t the Center Part ° f the core is^aTr^ 
» £l compared to^that of the peripheral part of the core. 

^En this casijffhe wavelength dependency of the attenuator 

of transmitted light caused by the size of the mode field diameter 

a grnrted ind o ii L j^> Wabolic shapW££iai^a* wave shapd X^''** 

vsquare wave shape ^trapezoidal wave s hap^aTjge distribution 

of ref ract ive index of the dopant area,^ 

" ~~ — * — — " """""" — ~ m -fJtij &iGtt 0<zjr" 

^y~p By constructing the optical attenuator J[s described j^ov^, 

^it is possible to obtain JgieJ equal attfenujneo whL two"|£ds^ 

optical signals having different wavelengths which are short and 
* whose difference is small (1300 nm ± 50 nmjflre inputted]. 

/Sn inventive? ont i — ^ontain^dopant which ^vm/s* 

wavelength is sh orter ) 
i-3 a^ignaTmode' optical j ibg^nd^s7 constructed- so that the 
dopant area is limited to the peripheral part of the core and 
so that the refractive index at the center part of the core 



containing no dopant is praised as compared ^ to^ that of the 
peripheral part of the core. 
Q^ppy In this/cas^' the wavelength dependency of the attenua*e<~- 



o of transmitted light caused 




y is increased by adopt ing*/one] selected from Jrgroup For,..^^, 

- i f «*t;£r . 

tgraded-index type*, *paraboLic shapSy A triangular wave shaped «ra«/»"t«7, 
«2- Square wave shape^and^trapezoidal wave shape^'as the refractive 
Index profile at the center part of the core where no dopant is 
contained. 

(jC*^* By constructing the optical attenuatorfas described abovij, 

it is possible to obtain/thelequal attenuake2/wheri) two kinds of 

— f fo *)§ 
,/if>Oi optical signals having dif f erent^wavelengths^wBich are long andj 

whose difference is small (1550 nm ± 50 nm) TaTe inputted. 
_<Z# sT// \a^Ur>*Mho4'<*ri£«la.*t , ^ <^ - — ° 



<J-K Si'// *Mho4'"y\€nl a.yt . A — w * 

^An inventive], optical ^aj^enuatojft- contain/frpdopant which r^reS^if^flyl 



J3ttenuc^s?transmiifE^^ its wavelength is shor 

T*~" 1 

^frt a signal mode optical fiber) and is constructed so that the 
dopant area is limited tcjthe"' center part of the core and so that 
the refractive index at the center part of the core containing 
^noydopant lsjrafsed as compared that of the peripheral part 
'<? of the core. 

In this- case, the wavelength dependency of the attenuate 
of transmitted light caused by the size of the mode field diameter „d t 
is increased by. adopting^one] selected f rom ^group ^ntainiiS§ . y 




of refractive index of the center part of the core containing 
no dopant?} 

' _ ~f^e 3. hove fl&nrter' 

By constructing the optical attenuator/as described abov^ 

it is possible to obtain optical signals of two different 

wavelengths whose difference -^TattenuaTwsS of transmitted light 

caused by the difference of the wavelengths is maximized. 

(Kr\ inventive/ optical attenuatoitficontain/ dopant which f'v&J 

•g ^rattehuat^s transmitted light /niore whe/its wavelength is longer! 

/P +te 5a m* ; : — ^ ^ ' 

V m«/a signal mode optical fiberj and Jxsj constructed so that the 

dopant area is limited to^th^peripheral part of the core,-e«d y$ /J 

/f^ that th^graded-index typhis adopted as the refractive index fn£iU 8 

of the dopant area to increase the wavelength dependency of !! 

attenuate of transmitted light caused by the size of the mode if 

p/inventivej optical attenuator is constructed£so that thj 
refractive index at the center part of the core fiTs 7fa*Lsed as7 . P 

Jgompared^that of the. peripheral part of the core/b^bttaini^^ '°" t °^ & : jy 
dopant whose transmitted light attenuating characteristics 
depend^ on the wavelength of optical signal lf\ the optical fiber. # 

£§o thalj^he dopant concentration of the dopant area of ^ single £ 
mode optical fiber is distributed non-uniformly^Hy^aetm^a^mode 
field which substantially contributes .to the transmission of 
•optical signals in the radial direction £n th^ trans verse^^tiony 
of. the optical fiber. 

In this case ' th ® wavelength dependency of the attenualfef 



7/ 



of transmitted light caused by the size of the mode field diameter / // 

— ' - *\ Agnu(ient <*njrlJp«4 o$ ft 

is increased by adopting^n^selected frQSL/ij group ^containing 

~ ^ J — +• 

_ Tri anrrnl ar uavo 



/a qraded-index typjf , ^parabolic shape, triangular wave shaped J™ 1 '* 1 *!) 
O square wave shap^nd^trapezoidal wave shape/as the distribution 



<2- 




of refractiv e index of the d opant areaT^) 

— — " ™ ^ — ' « this manner 

By constructing the optical attenuator ^as described abov^, 

it is possible to obtain the required attenuating 

characteristics even when the. dopant area v and the dopant 

concentration ^are suppressec^ low. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 

optical attenuate, wherein the upper part of the figuj 
an end face of the optical attenuator and the lower part shows 
a refractive index prof ilepseen from the sidej thereof . 

FIG. 2 shows thefstate of. use in which the invent iv3 optical 
attenuator^isj disposed at the center of^ferrule. 

FIGs. 3a and 3b are graphs showing the relationship between 
wavelength and loss^y^using various dopants ^^parameter^. 

FIG. 4 is a graph showing the optical signal power 

^ .^T tic Prvse^t 7* VW* 

distribution within the ^/Inventive) optical attenuator* 

FIG. 5 is a graph showing the relationship between the ratio 
of difference of refractive index A1/A2, whereAl is the 
difference between the maximum refractive indexjaround they axiql 
^/core/of the core and the refractive index/around^the^clad par - 



on 




of 

JinJthe^Iiiventive7 optical attenuator and A2 is the difference 
between the maximum refractive index/around7the outer periphery 
of the core and. the refractive index of the £lad pary, and the 
difference of loss at 1.50 pm and 1.60 pm. 

FIG. 6 is a graph showing the attenua1!2>e with respect to 
wavelength when cobalt^Co jlb doped^€ the center^part^of the core 
of the Jinventive^ optical attenuator. 

FIG. 7 shows the structure of another embodiment, of the 
^inventive) optical attenuatoiK wherein the upper part of the 
figure shows an end face of the optical attenuator and the lower 
part shows the refractive index prof ile^een from the side, 
^th ereof/. 

FIG. 8 is a graph showing the attenuate©- with respect to 
wavelength when samarium Sm is doped in the whole core andJwhenl 
samarium Sm is doped only in tfee- axial core. 

FIG. 9 is a. graph showing the attenuate? with respect to 



w 



avelength when cobalt^Co^is doped in the whole core andjwhenj 
cobalt^Cojis doped only in the outer periphe^ of the core. 



BRIEF DESCRIPTION OF REFERENCE NUMERALS 

5, - 5' Single Mode Optical Fiber 

6, 6' Core - 

p&Ht'on . — * 

6a, 6a 1 Center^Parg of Core /(Center Core)/ 

j/Par€] close to£axia]7 core J&i center are^) 
porT>o»\ ^ 
6b, 6b' Outer Periphery v of Core^[5uter Core)/ 



(J^ ar _t? close to^outer periphery of core) 
7, 7' Dopant Area 
9, 9' Mode Field 

Jbest mode for carrying out the invention) 

Preferred embodiments of an inventive optical attenuator 
will be explained below jTn accordance*] to the drawings. 

FIG. 1 is a section view showing the structure of Jthej 
■ j^r^ti^e^sX^p ^l att emreHhy r, ■ whe ^ejrrr-fej»e---ttp pei pai ' L the / 

/ ^ . -> V * "TVjm ^ 

£ThisJoptical fiber 5 "is used by disposing at the center of a 

ferrule 2|by a methodlas shown in FIG. 2 for example. That is, 

£it is used so thati it receives an optical signal /from) one end 

1 Sfytt*/ i-- -V 

thereof and it outputsVfrom the other end after attenuating the 

~To -fid t-s <*d a ^hfattT 
optical signal by a certain degree. ^/Dopant? for attenuating the 

optical signal is^Boped injthe optical fiber 5 £o that end! 

7W ^^bodimzhT — Z -—^ 

/Rer^, a graded-index type (its refractive index increases 

continuously from the outer peripheral part to the center part) 

ce»cT<!r poFliv* 

is adopted as a refractive, index prof ile at the/5art76a ^center) 
J__^ore)J close to thegxial core] of the core 6 Jof the inventive] 
/ opt ical attenuator^ andHhigh concentrator dopant is^oped) within 

this area 7. The dopant area 7 is hatched in the figure. 

Because a core diameter 2a 2 is very small in the single mode 

fiber, energy of the optical signal propagates centering on the 




if 0 ' 

core 6 while actually overflowing^everj to^par^of the^lad^8 at 
the outer periphery of the core 6. The range in which the larger- 
rp arg; of the energy is contained is a mode field 9 JTart"? which 
substantial^^o ntribute s/ to the transmission of the optical 
signals and may be found gualitatively by^methfed)explained later Jz»r" £ZfL 
J by winy E q u atio n 1: — I T is yea r h^r-tlrHr o the ocrme-o - v on j£) 
the step-index type fiber^irj the graded-index type fiber. In 
the optical fiber 5 shown in FIG. 1, the diameter of the mode 
field 9 is denoted as 2<d, the diameter of the dopant area 7 as 
2a x and the diameter of the core 6 as 2a 2 . The difference between 
the maximum refractive index around the axiai^or"e^of the core 
6 and the refractive index of thejclad 8 partis denoted as A2 
and the difference between the maximum refractive index of the 
outer peripheral£5art? 6b /{outer core)) of the core 6 and the 
refractive index of the^la<g 8 ^parf) as Al. 

^ u ^p io P an ts£ontainedjlin the optical fiber 5 to attenuate 
the optical signals will'be explained/her^. FIGs. 3a and 3b are 
graphs showing the relationship between wavelength and loss/o^T 
various dopants. The j^rticaD axis of the graph represents the 
wavelength in nanometer 5 [nm] and the vertical axis represents 
the optical attenuafe© in [dB/km] . 4 Transition metal or 
rare-earth metal dopant is normally used for optical fiber s^forj 
communications. They may be usec^y 4&i±ng S^fwJ'ofmorer 
^spectiveJLy^ In FIG. 3a, (1) denotes the .characteristics of 
manganese^ (2) nickel^, (3) chrome(Cr), (4) vanadiu^, (5) 



/ 
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cobalt^, (6) iron^, and (7) copper^t$. In FIG. 3b, (8) 

represents the characteristics of samariun^Sm^and (9) thulium 

The first embodiment of the^nventive^ optical attenuator^ 
use s^bhj dopant which attenuates/transmitted lighXmorejwhen the 
wavelength of the optical signal is longer. When the wavelength 
to be used in this optical attenuator is around 1.5 urn to 1.6 
urn for example,^ can be seen from FIG. 3a^hatJcobalt(to) is 
suiteek^s the dopant. 

FIG. 4 shows the optical signal power distribution when 
cobalt Co is used as the dopant and the dopant is contained in 
the area as shown in FIG. 1. The vertical axis of FIG. 4 
represents the output power and the horizontal axis represents 

(A 

the posit ion the fiber in the radial direction. Kl in FIG. 
4 is power distribution in the radial direction when an optical 
signal of/i75~iim^Q^avel^ transmitted through the optical 

fiber. A curve K2 represents the power distribution of an 

optical signal of 1.6 urn. 

Table 1 shows the difference of mode field diameter 
(hereinafter referred to as "MFD" ) corresponding to the 

respective wavelengths Xl and X2 in. each fiber when the respective 

wavelengths XI = 1 . 50 urn and X2 = 1 . 60 urn are inputted to the. 

fiber having the structure of the first embodiment /of. th^ 
/^inventive optical attenuato^ shown in FIG. 4 and to the normal 

step index type fiber. 
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Table 1 





Difference {\xm) of mode field diameter 
of 1.50 urn and 1.60 jim 


Embodiment 


0.52 


Step index 


0.25 



This shows that the difference of MFD of the7Tnventive)f iber 
caused by the difference of ^wavelene ghs) is large (wavelength 



dependency is large) . 

^Tlien;j (frken cobalt ^Co) is^ontai nedl concentrated^ ^/roj the 
axiaJ^eote part) of the core, the longer the wavelength of a signal, 
the less, thegate of the parU YLnf luenced by the attenuation/seen^ 
]Tt roljl the whole signal energy) becomes. 

Tni s means that/It cancels^the wavelength dependency of the 
optical attenuance of the dopant ^ffTembe^L 
] 9 < &~^ As a resu lt, the optical signals of short and long 
wavelengths whose difference of wavelength is small, attenuate 

ib J ' 

the same degree in this attenuator as a whole. 

In case of the conventional step index type fiber, the 

/5 5 

concentration of dopant Jhas become^ high and JTt has) caused a 

serious production problem7as a resultf/when K± is7designed so 
as to show the same degree of attenuation Jwith^.the first 
embodiment described above because the dopant area of cobalt Co 



must be narrowed because the wavelength dependency of the optical 
attenuaaee- of the MFD is small. 



K concrete example ywil l be shown below with referenc e to j 
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Equations 1. Equation 1 Jshows methods for calculating/ the 
attenuated a of the optical, fiber 0 and v the mode field diameter 



Expression 1 



Attenua 



a 



a = 



f a^AfrJPtrJrdr 

= _ Equation (1) 

j P(r)rdr 

a: attenuai*Ge per 1 cm 

r: coordinate of fiber in radial direction 
A(r): concentration of Co in radial direction 
aCo: coefficient of absorbency of Co 

X = 1.50 jim -> 5.19 x 10" 3 dB/cm-pprrr 1 
X = 1.60 jun-> 5.95 x 10~ 3 dB/om-pprrr 1 
P(r): optical power distribution in radial 
direction 



Mode Field 
Diameter a> 



2© = 2 



Jp 2 (r)r 3 dr 
Jp 2 (r)rdr 



... Equation (2) 



P(r): optical power distribution in radial 
direction 

r: coordinate of fiber in radial direction 



As shown in Equation (1), the attenuaSswi- a of the optical 
signal in the optical fiber may be found from the power 
distribution' P(r) of the optical signal in the. radial direction 
and the distribution of concentration of cobalt, i.e., the dopant. 
The mode field diameter a> may be found from Equation (2) . 

The ratio (al/a2) of the area in which the graded-index type 

is adopted as the profile containing cobalt (po) to the core 

diameter approaches^toj the step index type when it is too large 

or too small and the wavelength dependency of the mode field 

diameter go approachesjto] the step index type. When the ratio 

(al/a2) is small, although the wavelength dependency of the 
' -fan x 
attenuaisefe a becomes small because the dopant area of cobal^Co) 
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becomes small^even when the wavelength dependency of the mode 
field diameter co is small-, there have been problems such as an 
increase of /dopedf amount of cobalt^T&y and an increase of 
processing steps. Here,y£result of using al/a2 = 0.5 is shown. 

FIG. 5 is a graph representing the ratio of difference of 
refractive index Al/A2^y, th§(horizontal axis)and the difference 



of loss (attenua^) at 1.50 um and 1.60 urn when the attenuate? 
at 1.55 um is 10 dEiJby th^yertical axis) It can be seen from 
FIG. 5^that the greater the ratio A1/A2, the wider the difference 
of the attenuai^at 1.50 um and 1.60 um becomes. The wavelength 
dependency of attenuaife*? of the dopantjmembe^ may be cancejjbd 
by this value. 

It- is noted that/ Table 2 shows the structural 
characteristics of the f iber^f? A1/A2 = 0.75, whose wavelength 
dependency is small, as shown in FIG. 5. Al/A2is not 0 . 35 because 
i tyihow fe theypractical fiber structure in which bending loss and 
others are taken into account. 

FIG. 6 is a graph showing the attenuaiwe with respect to 
the wavelength of the fiber in Table 2. .The wavelength^ 
dependency is lessened bygoping^ cobalt^o tcj.the center gart) 
of the core of the optical attenuator and by adopting the 
graded-index type as the profile. 



Table 2 





Core 


al/a2 


A1/A2 


MFD 


MFD 



1/ 





Diameter 






' (1.50 p) 


(1.60 pm) 


Embodiment 


7.4 ]m 


0.5 


0.5 


9.15 


9.67 


Step-Index 


9.5 pm 


0.5 


0.5 


9.26 


9.51 



This sample has been set so that the whole distribution of 
concentration of cobalt becomes fixed within the range in which 
cobalt Co is contained. The attenua£ee\>f the optical fiber has ^ 
been set^so that it becomes^ 10 dB/m.' As a result, Al/A2= 0.35 
and the wavelength dependency was eliminated when al/a2 = 0.5: 
2^27 wav elength independent optical attenuator may be obtained 
by increasing A1/A2 when crt/a2 becomes large and by decreasing 
A1/A2 when al/a2 becomes small. 

The dopant which attenuates transmitted light more when the 
po^lT^ ° f the optical si gnal is longer^a/beenjused^ the <-**l 
S ar ^ 6a ^te^ the core 6 of 

the optical fiber 5 in the first embodiment described above. 
0eanwhilf, dopant which attenuates transmitted light more when 
the wavelength of the optical signal is shorter may be£also)used 
by changing the area where the dopant is doped. For instance, 
vanadium/v)of (4) and the like/ma~y be citlf in the example of 
FIG. 3a. 

FIG. 7 shows a second embodiment of the inventive optical 
attenuator us ing^Jhe^ dopant which attenuates transmitted light 
more when the wavelength of the optical signal is. shorter. In 
the second embodiment, a dopant-containing area 7' is created 
^containing the dopan^which^attenuates ^transmitted light 

Surfer' toaVeft-^fL 
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m ^T^ n Wavelength of the optical signal is shorter at^a p*r 
f} a l3 6b £l ter corej^oqajcore 6'^x'cept of the diametej/in which 
the refractive index profile is. set as the graded-index type. 
In this case, the longer the wavelength of the optical signal 
whose power distribution extends in the radial direction of the 
optical fiber 5', the more it is influenced by the dopant. 

Thus, the optical attenuation ^arQcto x±5lrix^oT^?re| 
^gsgnfri vo - opti c a ^T tto nuat or_tg the optical signal of wavelength 
within a certain range may be almost equalized by increasing the . 
wavelength dependency of the mode fields 9 and /9j^ Which 
substantially contribute to the transmission of optita>signal 
of the single mode optical fibe^. by/controlling the refractive 
index -profile, by /adequately/, select the distribution of 
concentration of dopant^by seeingjwithin the transverse section 
ofthe cores 6 and 6' of the optical fibers 5 and 5 ' and by using 
£the7dopant whose transmitted light attenuating characteristics 
depend/ on the wavelength of Optical signal. It is noted that 
although the dopant is doped only^ojthe axial^oCf ' P ^tfj6a of 
th* core 6 orjtojthe peripheral^a'rt/'eb of the core 6 in the 
embodiments described above, it is possible/to^pl^appropriate A/ 
distribute, £fj concentration. Als^ it' is not necessary to 
obtainjthj uniform characteristics/toall wavelengths of optical 

0 • , ..... _ CO rl CC ^TrgJ^A n 

signals and it is possible to set a/containing7range so that a 
certain attenualrce may be obtained^per each rangejfor optical 
signals of several ranges. 
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The first and second embodiments /have the structure/ 
ffective in obtainin^almost the same attenuate? to one having 
the small difference of wavelengths of optical signals of two 
different kinds of wavelengths to be inputted. 

/NextT7 a third emb odim ent ; of > the /inventive 1 optical 
attenuator /will be explained?/ ' -t- 

jfi? r — J ■ ■ % poPTJot 

£The7refractive index profile around the axial Jcorelof the 

*J ■fXSt — ' 

core of the single mode fiber is the aame^With tho£e^of the first 
and second embodiments described above. 5^jo>« V€ »" 

£he part w hich / is different Tis7 that the wavelength 
dependency of the MFD is increased by Roping a member^ which 
attenuates transmitted light when the wavelength is short, e.g. 
s,amariun/Sm)shown by (8) in FIG. 3b,/5s-^w-Ttofiant member_£e-fe«} 
lyopetijin the axiair'core^ar^and by, -adjusting the ratio /of T the 
diameter^at the pfertjrfhere the refractive inde x/5f t he axial core^ 
partjis set as the graded-index type and the core diameter. 

FIG. 8 is a graph showing the attenuate} with respect to 
wavelength when samarium/&nT)is doped in the whole core and when 
samariuiq^mJLe doped only in the axial?core . It can be seen from . I 
the graph that the attenuate is greafChen samarium is doped 
only^t^the axial* core ^oetweerT 1530 nm to 1550 nm. 
^ The shorter the wavelength, the greater the optical signal 

v attenuated when two kinds^o floptical signals having different 
wavelengths are inputted*^ great 2 attenua*e2 may be obtained 
without reducing the center core diameter more than/onelrequired : : - 



_ and without increasing the dopant concentration^^ constructing^ 

rls described abo ve?) -r 
i-— ■ — ' *" -third. ^.mboid'Mevil 

Accordingly, this /construction^ is very effective in 

increasing the difference of attenuate of thosejogtical signals] 
Jby i nputting th^two kinds of optical signals having different 
wavelengths. ' /_ 

JUextJ a fourth embodiment of the ^inventive optica^ 
^attenuator will be explained!^ 

refractive index profile around the axial core of the 
core of the single mode fiber is the same^ith^ those of the first 
and secondembodiments described above. Hai^X)/ e.r f -It 0UhtL 

£WhafJis different fLslthat the wavelength dependency of the 
MFD is increased by Roping the memberj which attenuates 
transmitted light more when its wavelength is longer, e.g., _ 
cobalt Co, £atj the'^ar^ of ^rdground? the diamejbj^ wherT tit ^ 
refractive index profile^of the axial core part^is set as the 
graded-index type and by adjusting the ratio of the diameter of 

the^part where" the! refractive in&ex ! of ^tjie axial core part "is? 

— - OtXi'z/ C« «tzr- frtffJ/a r\S V 

/set as/ the graded-index type^and the core diameter. 

FIG. 9 is a graph showing the atten^aj^^it? respect? to 
wavelength when cobalt Co is doped /t^the whole core and when 
cobalt Co is doped only ^o^the] outer periphery 'of the core. It 
can be seen from the figure that the attenua^^j^nS-Tn whictfr 
Co is doped only£t£Jthe outer peripheryoTthe core is greater 
between 1560 nm to 1570 nm. 
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The longer the wavelength, the greater the optical' signal /V 
attenuate^ when two kinds ^of_optical ,signals having different 
wavelengths are inpuge^ ^a 'greIt<ttenuaS? 7 may be obtained 
without increasing, the dopant concentration more than^at_i£7 
required^by constructing as ^escribed abov'e] 

Accordingly, thxs ^const ruction^ is 7 very effective in 
increasing the difference # attenua^f^hose optical signal^ 
£By inputting the two kinds of optical signals having different 
wavelengths. 



/^IWSUSTRIAL APPLICABILITY^ 

AS it i^ a i >P2 7 ?n - t - f r< 23- th 2 abOVS des cription f according to 
the^nventfxve optical attenuate/, it is possible to fix the 
optical attenua^. for optical signals having different 
wavelengths, which are very closely a^Ah^pt^ 
/attenuator which allows the/ doping ra.ngejTo 'be wiized whiiy 
/suppressing] the dopant concentration^relatively low 

" Further, according to ^J^^^^^, it 
is possible to ^crease the difference^ optical attenual^as 
much as possible^while hlving^th^eaS^dopant concentration 
and doping area range £ the statfin which each characteristic 
of the optical fiber is stabilized for optical signals having 
different wavelengths. 

In particular, it is possible to equalize the atteriua^ 
of different wavelengths by increasing the wavelength dependency 
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of the MFD by adjusting the ratio of ' the^diameter£h£?the core 

diameter byinGreasingthe refractive index around the axiai^ore' 
y—f. u • /?*>'T;on, person 7 

^xthin t ^or^,as compared/ to the peripheraJ^artJof the core 

and byjdoping th^dopant^men^ whi^a^tenua^es^signals having 
longer wavelength^ore7,for exampl^conctnlra^^ within thT^ors 
^amete^/in which the refractive index Eround' the axial core o? 
2the core/isMndreased^s compared) to the peripheral^artjof^he 
core to cancel the attenuaa^wavelength dependency of the dopant 
^membe^. i^J>^Sc7f 'fiVefyfiart f?r a s/; J^j ^ia ^U^ 7 °^ 

Further, J^t becomes^ effective means ^'e^ua^ing the 
attenua*^? of optical signals having a small difference 'J*r 



wavelength/ by^oncentra^edly dopingjh^dopant^mber^which f 

attenuates^fore when ^^velength^ s^r^i^nTlne 
pat-Horn, L3X'<?f/y <=siiJ<z^ pa^o^ ) 

jSxtept of the diame^in which the refractive index^ound thJ7 

S ial C ° r %^f^ the C J^- increased^V'^lre^to the 
DeriDheral ^n^r-t^ n-F 



peripheral /part? of the core 



^iHmorf, it 1S possible to increase the difference^f 

7>U Jc/e TO ^ 

attenuafe^ausedj^the difference of wavelengths by increasing 

the wavelength dependency of the MFD by adjusting the ratio of 
the diameter^bnstructed^uch that/the refractive i^ex^o^ 
Me axial ^^, th ^ the corj is increased^S^arSjto the 

co^e, by^ping'Sf 

V c°ncentra.te^ithi^ 
ZS the center part within the cordis increased j^i^^) to 
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the pefipheral^ar^of the core and by increasing the wavelength 
dependency of attenuate of the dopant member „ 

Moreover,^: WomeJ very effective means ^realizing JEbe7 

^hejwaveiengths Jwithout reducing) the M#D/Hore than what is! 
&quxreo7and£thout co^ce'ntrating^lsS the dopant concentration 
ZZ° re than What is requiregby/apping rth^dopant^emberl which fr4&r*«% 

attenuates/^re when thej^ 
/except of the diameter in whic^the refractive ii^ex^the ofentefj 



E-refjTrv* 0 ** around the axial core of the^or^is i 
compare^ to the peripheral part of the 




[creased 



\ 
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ABSTRACT 

/jThere is provided^ optical attenuator which provides 
almost the same degree of attenuate even when the difference 
JA wavelength of^two different kinds of input optical signals 
is small . Wfefe optical attenuator is^rf 1^ with'dopant 
concentration in^technically realizable range^increasEr 
the difference^ optical attenuaSi of two different kinds of 
input optical signals. 

/TirstlyTllmosJ the same degree of attenuate may be 
obtained even when the dif f erence^f velengths is small by 
canceling the wavelength dependency of attenuate of the dopant 

cJ^TpT^^^ indSX ojSn optical fiber 5 arounfan axiaj^ 
^e^w ithi n - j f core £.arej as compared to that of^peripheral 
g&t 6b)of the core and by taking into account the type and area 
of the dopant^ember to be dopejand the ratio of the difference 
A2 between the refractive indexes of the^fnd the axfal^ore^ 
and the difference Al between the refractive index of the cladcfcfii 

^T^^ f J aCtiVe ^ ° f ^/othCr parf, i.e., A1/A2. - 
/Secondly the difference of attenua^Sj is increased while 
suppressing the concentration of dopant to the realizable range. 
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